The acoustic and aerodynamic performance characteristics of a distributed exhaust nozzle (DEN) design concept were evaluated experimentally and analytically with the purpose of developing a design methodology for developing future DEN technology. Aerodynamic and acoustic measurements were made to evaluate the DEN performance and the CFD design tool. While the CFD approach did provide an excellent prediction of the flowfield and aerodynamic performance characteristics of the DEN and 2D reference nozzle, the measured acoustic suppression potential of this particular DEN was low. The measurements and predictions indicated that the miniexhaust jets comprising the distributed exhaust coalesced back into a single stream jet very shortly after leaving the nozzles. Even so, the database provided here will be useful for future distributed exhaust designs with greater noise reduction and aerodynamic performance potential. high levels of base drag due to the aft facing area required to distribute the exhaust. NASA Langley is pursuing research aimed at studying the distributed exhaust concept from an integrated exhaust/airframe system perspective where the propulsion system is integrated into the airframe and the small exhaust nozzles are distributed over large portions of the wing surface area. An integrated distributed exhaust propulsion system has even greater potential for noise reduction than the isolated nozzle component Senior Member, AIAA Member, AIAA
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Introduction
Jet noise continues to be a dominant noise source during takeoff of commercial aircraft. Recent advances in jet noise reduction have focused on changes in the engine cycle, increased bypass ratio, or mixing enhancement devices. While these techniques are incrementally improving the community noise situation, revolutionary improvements in conventional engine/airframe systems are required to meet the NASA noise reduction goal of 20 dB in 25 years. One such concept with potential to make significant progress toward the 25-year goal is a distributed exhaust nozzle. The benefit of the distributed exhaust relies on expanding the engine air through many small nozzles rather than one or two large nozzles.
The beneficial aeroacoustic properties of the small nozzles result in perceived community noise reduction. One such distributed exhaust nozzle showed up to 25 dB jet noise suppression x. However, thrust losses were high for this type of design.
Noise suppression from the distributed exhaust nozzle concept results from a favorable shift in the spectral shape of the radiated jet noise. The smaller jets radiate noise at significantly higher frequencies compared to larger jets. Atmospheric attenuation increases nearly exponentially with increasing frequency and noise components contribute less and less to the FAA EPNL noise metric as the frequency increases above 4 kHz.
In fact, noise produced at frequencies higher than 10 kHz is not even included in the calculation of EPNL. In addition to shifting the noise signature toward potentially more favorable high frequencies, the small jets mix more rapidly with the ambient air and reduce the speed and temperature of the jet plume to lower levels that, in turn, reduce the radiated noise.
Traditionally, distributed exhaust nozzle concepts have been studied from the perspective of replacing conventional engine exhaust nozzles with another configuration composed of many small tubes, chutes, or spokes.
However, this inevitably leads to referenced previously since additional noise suppression will be realized through shielding of engine noise away from the community by the airframe design. 
Nozzle Description
The distributed exhaust nozzle was comprised of an array of small, high aspect ratio rectangular shaped nozzles as show in Fig. la . The nozzle towpaths were formed by the surfaces of airfoil shaped slats ( Fig. lb) stacked on top of one another and staggered in the axial direction.
The total design exit area of the DEN analyzed in CFD was 40.8 in2. The total exit area of the wind tunnel model was computed by summing the exit area of each mini-nozzle and was 42.4 in 2. In order to assess the noise characteristics of the DEN, two reference nozzles were tested at the same cycle conditions. The fu'st was a conical nozzle with an exit area of 39.4 in2 and will be referred to as the 1D reference nozzle. The second was a rectangular nozzle with an aspect ratio of 2.1 and an exit area of 39.6 in2 and will be referred to as the 2D reference nozzle. The DEN was sized with a slightly larger design exit area (3%) compared to the 2D reference nozzle so that the two nozzles would have approximately the same mass flow based upon the CFD prediction.
As will be seen from the measurements, even though the aspect ratio of the DEN base area is approximately 1, the flowfield quickly evolves into a plume with an aspect ratio very similar to that from the 2D For the aerodynamic performance measurements, separate choked venturi flow meters were used to measure the air mass flow through each leg of the JES and turbine flow meters were used to measure the fuel flow burned in the combustors. Thrust produced by the nozzle was measured using the sixcomponent thrust balance system that is a part of the YES.
Flow field measurements were made separately from acoustic measurements by a motorized traverse system that controlled a rake comprised of three total pressure elements and three total temperature elements.
By traversing the rake, total temperature and pressure measurements were made at identical locations so that Mach number and velocity could be derived assuming that the local static pressure was equal to ambient. This is a valid assumption except for very close to the DEN exit.
Data were acquired for each nozzle at the test conditions shown in Table I . Even though the YES can be operated with different conditions in the fan and core stream, both streams were set with the same temperature and pressure for the results reported here. The nozzle pressure ratio (NPR) and total temperature conditions (Tt) in Table I were derived by starting with the separate flow turbofan exhaust system cycle line that was used during the Separate Flow Nozzle Test at Glenn Research Center 3 and fully mixing the fan and core streams together to obtain the points in Table I . Unless otherwise noted, all of the data presented in this paper correspond to test point 13 which is typical of take-off power condition. reference nozzle for test point 13. Due to the irregular exit geometry of the DEN, the origin is taken to be at the axial station of the 2D exit plane so that both nozzles are referenced to the same axial location. This point on the DEN is approximately halfway between the exit planes of the first mini-nozzle and the most aft mini-nozzle.
Flowfleid Measurements and Predictions
The potential core of the DEN is less than 2D_q shorter than the 2D reference nozzle indicating that the mixing from the two nozzles is similar. The
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CFD slightly overpredicts the length of the potential core region, but does a good job simulating the axial decay of both jets. Figure 5 shows CFD predicted contour plots of Mach number for the DEN and the 2D jet in both the minor and major axis planes. As evidenced in the centerline velocity distribution plots, the DEN has a slightly shorter and generally smaller potential core region, but the overall plume dimensions and characteristics are not dramatically different than those of the 2D reference nozzle. Figure 7 shows measured and predicted velocity profiles in the minor axis of the DEN and 2D jets at an axial location close to the nozzle exits and also a location further downstream.
The DEN is shown at
x/Dcq = 2.65 and 8.84 and the 2D at 3.10 and 9.30. Unfortunately, measurements were not made at the same nondimensional location for each jet. However, the displayed locations are close and still provide a good picture of the plume development.
The CFD does a good job predicting the velocity profile for both jets.
As expected from the exit pressure plane data of Fig. 6 , there is no evidence of the individual mini-jets in the DEN profiles and it appears that the small jets have quickly coalesced into a single plume. Figure 8 shows the shear layer thickness, h, of the 2D and DEN jets as derived from the experimental velocity profiles. The growth rates of the two jets are very similar with the DEN even having a slightly lower growth rate than the 2D jet.
All of these measurements indicate that the mixing characteristics of the DEN are not substantially different from those of the 2D reference nozzle.
For substantial noise reduction, it is important that the individual jets retain their identity long enough to increase the mixing and shift the radiated noise to higher frequency. However, the flowfield data do not
show jet-to-jet mixing taking place. A final piece of evidence to support this conclusion is seen in the CFD predictions of velocity and turbulent kinetic energy shown in Figs. 9 and 10, respectively. The velocity prediction shown in Fig. 9 does not indicate significant mixing between the individual jets. In Fig. 10 , high levels of turbulent kinetic energy (TKE) are seen in the shear layer at the outer edge of the jet, but the TKE in the vicinity of the mini-nozzles is very low, also indicating that there is little mixing taking place between the small jets. The airfoil shapes were designed for low drag, but their close proximity and efficiency produces jets that coalesce into a larger plume resembling that of the 2D reference nozzle more than a distributed exhaust with small discrete jets.
Aerodynamic Performance
The most challenging aspect of a DEN design is maintaining sufficient flow and thrust performance so that the nozzle is a viable alternative to traditional exhaust systems.
As with most noise reduction slrategies, the mechanisms that provide low noise are typically at cross purposes with those that produce high thrust values.
The very nature of spreading out the exhaust plume typically results in large base area drag and the associated high nozzle surface areas result in low discharge coefficients.
A major objective of this research program was to use the CFD to design a DEN with a reasonably high thrust and discharge coefficient and to show that the CFD could accurately predict these values.
The discharge coefficient, Co, is important because it is used to size the nozzle for efficient air mass flow set by an engine's turbomachinery.
For this paper, the discharge coefficient is defined as the actual measured or predicted mass flow normalized by the ideal 1D mass flow through the nozzle exit. Figure 11 shows the measured and predicted discharge coefficient from the DEN and the 2D reference nozzle. During the test program, the DEN was rotated to obtain noise measurements at various azimuthal angles relative to the nozzle.
Thrust performance data were also collected at each of these rotation angles and are shown collectively in Fig. 11 to the trailing edge of the airfoil slats as shown in Fig. 3 . In the 0°orientation, the microphones are aimed at the long dimension of the DEN and 2D reference nozzle and are aligned with the trailing edge of the airfoil slats as show in Fig 3. Measurements at other angles were taken for the DEN, but are not shown here as they do not add significantly to the data interpretation. Also, recall that the data presented are normalized to an arc of 1 ft radius with all atmospheric propagation effects removed. It is immediately clear that this DEN design did not achieve significant levels of noise reduction. In fact at many angles, the DEN is 2-4 dB louder than either the 1D or 2D reference nozzle. On the 0°axis, the DEN is generally quieter than the 1D reference nozzle, except at the most forward angle locations. The DEN is quieter than the 2D reference nozzle by 1-2 dB at polar angles above 130°. Between polar angles of 90°to 130°, the DEN is slightly louder than the 2D reference nozzle but becomes 2-3 dB louder than the was not identified in this study, but it is hypothesized that a turbulence source is being generated in a constructive manner by the very regular array of airfoil slots and convected downstream while radiating noise to the far-field.
Another strong noise source is seen in the spectra of Figs. 15 and 16 in the frequency bands above 30 kHz up to the maximum one-third octave frequency band of 80 kHz.
Since this noise source is most prevalent at the 90°orientation, it was hypothesized that this noise was generated by trailing edge noise from the small airfoils that comprise the mini-nozzles. This type of noise would peak in the direction perpendicular to the surface of the airfoils as seen here. To evaluate this hypothesis, the airfoil self-noise prediction code of Brooks et al. 4 was exercised using the geometry and flow conditions around an individual airfoil in the DEN.
Trailing edge noise phenomena are best evaluated at directions perpendicular to the airfoil surface so the measured acoustic spectrum at a polar angle of 90°and an azimuthal angle of 90°for the DEN is shown in Fig.   18 . In addition to the measured DEN spectrum, predictions from the airfoil self-noise code are also shown in Fig. 18 . Predictions for a single airfoil and for an array of 12 airfoils are included.
The predictions match the frequency range of the measured DEN spectra and also bracket the amplitude of the DEN spectra.
Since all twelve DEN airfoils exposed to the microphones would not be radiating to the 90°polar microphone with maximum efficiency, it is reasonable to expect the measured DEN data to fall between the predictions of a single airfoil and twelve airfoils. 
